Introduction
============

Prion diseases are fatal transmissible spongiform encephalopathies in human and animals characterized by distinctive spongiform appearance and neuronal loss in the brain. These diseases are caused by accumulation of the pathological isoform (PrP^Sc^)[^5^](#FN4){ref-type="fn"} of the cellular prion protein (PrP^C^) ([@B1][@B2][@B3]). Chronic wasting disease (CWD) is considered the most contagious prion disease and affects both free-ranging and farmed cervids (deer, elk, moose, and reindeer) ([@B4][@B5][@B7]). First described and reported to be a prion disease in the United States ([@B8][@B9][@B10]), until now it has been detected in North America, South Korea, and recently in Norway and Finland ([@B11][@B12][@B13]). The substantial shedding of CWD prion infectivity via urine, feces, and saliva into the environment and prion resistance for many years are driving forces for CWD transmission ([@B14][@B15][@B16]). Because of the horizontal transmission nature of the disease via mucosal/oral route and the occurrence in wildlife, the control of disease spread is extremely challenging. Moreover, the potential of zoonotic transmission into humans is an alarming issue and is still an open question ([@B17], [@B18]). Yet, studies have shown its transmissibility into nonhuman primates (squirrel monkeys), both by the intracerebral and oral route ([@B19], [@B20]). There are no preventive or therapeutic measures available against CWD, nor for other prion diseases such as Creutzfeldt-Jakob disease in humans, scrapie in sheep, and bovine spongiform encephalopathy in cattle.

The concept of active and passive immunization has already been introduced for prion disease, and reduced prion propagation *in vitro* and *in vivo*, and it prolonged the incubation period in murine-adapted scrapie prion models after immunization ([@B21][@B22][@B26]). Vaccination in prion disease would be useful to prevent peripheral infection before prions reach the brain, as the vast majority of antibodies cannot cross the blood--brain barrier ([@B25][@B26][@B27]). Of note, targeting cellular PrP in active immunization is complicated by the necessity to overcome self-tolerance against PrP and by the risk to induce the undesirable side effects. However, there is already a proof-of-concept that active immunization can break the self-tolerance against host prion protein to produce auto-antibodies, without inducing side effects ([@B21], [@B28], [@B29]). For CWD, there is a very limited number of studies investigating active immunization. A study has reported that active vaccination with synthetic peptides against CWD was not successful in terms of protection in mule deer ([@B30]). However, another study reported partial protection against orally challenged CWD infection (around 25%) provided by oral vaccination of white-tailed deer with attenuated *Salmonella typhimurium* vaccine expressing cervid PrP ([@B31]). A recent study described a potential CWD vaccine consisting of a nonreplicating human adenovirus that expresses a truncated rabies glycoprotein G fused with postulated disease-specific epitopes, named the rigid loop region (hAd5:tgG-RL). This vaccine was successful in inducing humoral immune responses, both systemic and mucosal, upon oral immunization of white-tailed deer ([@B32]).

Our objective in this study was to develop a CWD vaccine that overcomes self-tolerance and induces self-antibodies against cervid prion protein to impede peripheral prion infection. For this purpose, we used multimeric and aggregation-prone recombinant PrPs (both mouse and deer), as our lab had already provided a proof-of-principle that this approach can induce a robust humoral immunity against PrP^C^, both mouse and cervid ([@B21], [@B28], [@B29]), and protect some immunized mice against scrapie challenge ([@B23]). In this study, we tested these recombinant immunogens for their potential to induce immune responses in transgenic mice expressing elk PrP (TgElk) and in reindeer, and we then studied the vaccination effect in TgElk mice against CWD challenge.

Results
=======

Immunization of TgElk mice with mouse or deer recombinant PrP induces anti-PrP antibodies
-----------------------------------------------------------------------------------------

In this vaccination study, we used TgElk mice as a mouse model for CWD. These mice are homozygous for elk PrP, with a 2.5-fold higher expression of PrP^C^ in the brain compared with WT mice ([@B33]). An advantage of this mouse model is the very short incubation period (90--110 days) following intracerebral (i.c.) inoculation compared with most other CWD mouse models ([@B33], [@B34]), which may exceed 250 days ([@B35]).

In our vaccination study, we used mouse and deer recombinant PrP immunogens in both the monomeric and dimeric form. The structure of the immunogens has been described extensively in our previous work ([@B21], [@B28], [@B29]). Type B CpG oligonucleotide (CpG) was used as adjuvant based on previous data that indicate that using CpG as adjuvant was efficient in breaking self-tolerance against PrP. All mice were subjected to one priming dose (100 μg of protein) and four boosting doses (50 μg of protein) applied subcutaneously, with 3-week intervals, before inoculating them with elk CWD prions via the intraperitoneal (i.p.) route ([Fig. 1](#F1){ref-type="fig"}*A*). We kept boosting the mice every 6 weeks (two boosts) after challenging them.

![**High-antibody titers produced by immunization of TgElk mice with monomeric or dimeric recombinant PrP.** *A,* TgElk mice were immunized with four different immunogens at 3-week intervals five times (one priming and four booster doses), and blood sampling was performed either before starting vaccination or 10 days after the fourth booster dose. The animals were i.p. inoculated at day 99 with 1% brain homogenate (*BH*) from a terminally ill CWD-infected TgElk mouse, and the animals received two more booster doses post-inoculation at 6-week intervals. *B,* antibody titers using end-point ELISA from the four vaccinated groups. Mice were vaccinated with Mmo, Dmo, Mdi, or Ddi recombinant PrPs, and CpG was used as adjuvant for all groups. The antibody titer for each individual mouse was determined by end-point dilution. The *y* axis indicates the serum fold dilution. The cutoff was calculated as three times average OD (405 nm) of preimmune sera.](zbc0521898390001){#F1}

Testing the reactivity of the post-immune sera against deer recombinant PrP using ELISA showed high antibody titers in all vaccinated groups ([Fig. 1](#F1){ref-type="fig"}*B*). The lowest titers were found in the Ddi-vaccinated group. The Ddi immunogen is more a self-antigen than is the respective mouse PrP-derived immunogen (Mdi), indicating better efficiency of nonself-immunogens in breaking self-tolerance against cellular PrP in this model. The post-immune sera detected elk PrP (total PrP (−PK) and PrP^Sc^ (+PK)) in immunoblot, with sera from the Mmo-vaccinated group showing the best detection (data not shown).

Taken together, all four immunogens used in our study could successfully break self-tolerance for PrP in TgElk mice and produce high-antibody titers reactive against recombinant and authentic cervid PrP.

Vaccination of TgElk mice prolonged their survival after CWD challenge
----------------------------------------------------------------------

The high-antibody titers in the post-immune sera of all vaccinated groups encouraged us to investigate the protective effect of these antibodies against CWD challenge *in vivo*. For this purpose, we challenged the immunized mice with elk CWD. The rationale for our vaccine approach is interfering in peripheral prion replication, before the process of neuroinvasion is completed. This aligns with the fact that antibodies are not crossing the blood--brain barrier under normal conditions ([@B36]). Consequently, this prompted us to use the i.p. route for inoculating the mice, a peripheral route of infection that simulates the natural infection situation better than the i.c. infection.

After the fourth booster dose, all vaccinated and control TgElk mice were inoculated intraperitoneally with 1% brain homogenate (BH) from terminally ill TgElk mice infected with elk CWD. The mean survival times are displayed in [Table 1](#T1){ref-type="table"}. All vaccinated groups displayed markedly improved survival times compared with the adjuvant-only group (CpG). The Mmo-vaccinated group exhibited 60% prolongation in their mean survival time compared with the CpG control group ([Fig. 2](#F2){ref-type="fig"}*A*), which is statistically significant (*p* = 0.0002). The Dmo- and Ddi-vaccinated groups showed 28.4 and 24.1% prolongation, respectively, in mean survival time compared with the CpG group ([Fig. 2](#F2){ref-type="fig"}, *A* and *B*). The extension of survival time for the Ddi-vaccinated group was statistically significant (*p* = 0.031) compared with the control group; however, the survival of the Dmo group was not significant when compared with the CpG group (*p* = 0.0509). The Mdi group showed only a 15.9% prolongation, which was not statistically significant (*p* = 0.198). Notably, all inoculated mice showed progressive clinical symptoms, including severe weight loss, kyphosis, very slow movement, ataxia, disorientation, and dragging the hind limbs.

###### 

**Mean survival time and attack rate of the TGElk vaccinated groups**

The following abbreviation is used: days post-CWD inoculation.

  Vaccination groups   Attack rate   Survival time (dpi) (mean ± S.E.)
  -------------------- ------------- -----------------------------------
  CpG                  10/10         114.8 ± 10.0
  Mmo                  10/10         183.6 ± 8.8
  Mdi                  10/10         133.1 ± 15.0
  Dmo                  9/9           147.4 ± 13.4
  Ddi                  8/8           142.5 ± 5.8

![**Immunization with monomeric or dimeric recombinant PrPs prolongs the survival in a CWD-infected TgElk mouse model.** *A* and *B,* Kaplan-Meier survival curves of Dmo, Mmo, Ddi, and Mdi-vaccinated groups compared with control group (CpG-only) of female TgElk mice, inoculated via i.p. route with 1% BH of a terminally ill CWD-infected TgElk mouse. *A,* CpG control group, *n* = 10, median incubation time 109 days post-inoculation (*dpi*). Dmo-vaccinated group, *n* = 9, median incubation time 172 dpi (*p* = 0.0509; log rank test). Mmo-vaccinated group, *n* = 10, median incubation time 185 dpi (*p* = 0.0002; log rank test). *B,* CpG control group, *n* = 10, median incubation time 109 dpi. Ddi-vaccinated group, *n* = 8, median incubation time 142 dpi (*p* = 0.031; log rank test). Mdi-vaccinated group, *n* = 10, median incubation time 116 dpi (*p* = 0.198; log rank test).](zbc0521898390002){#F2}

In summary, all vaccinated TgElk mice showed prolongation in the survival after CWD challenge compared with the control group, and this prolongation reached 60% in the Mmo-vaccinated group. However, once the mice reached the terminal stage, mice from all groups displayed very comparable clinical signs.

Intraperitoneally infected mice show PK-resistant PrP^CWD^ signature similar to the inoculum
--------------------------------------------------------------------------------------------

To the best of our knowledge, studies reporting the intraperitoneal infection of TgElk mice are lacking. This led us to assess the infection in the brain of the terminally sick mice using various readouts to confirm the complete clinical attack rate. The brain homogenates from all terminally sick TgElk mice demonstrated prion conversion activity as shown by RT-QuIC assay ([Fig. 3](#F3){ref-type="fig"}, *C--G*). The mock brain homogenate from the uninfected TgElk mouse was used as negative control, and brain homogenate of intracerebrally CWD-infected and terminally sick TgElk mouse was used as a positive control. Notably, the crude brain homogenate from the vaccinated and intraperitoneally infected TgElk mice in our study initially showed only weak positive signals in RT-QuIC assay ([Fig. S1](http://www.jbc.org/cgi/content/full/RA118.004810/DC1)), which was strongly increased after sodium phosphotungstic acid purification ([Fig. 3](#F3){ref-type="fig"} and [Fig. S1](http://www.jbc.org/cgi/content/full/RA118.004810/DC1)). Moreover, immunoblot analysis of PK-digested brain homogenates from i.p.-infected TgElk mice demonstrated a PrP^Sc^ signature comparable with the CWD inoculum PrP^Sc^ pattern ([Fig. 3](#F3){ref-type="fig"}*H*). Of note, spleen homogenates isolated from all the CWD clinically sick TgElk mice showed remarkable conversion activity in the RT-QuIC assay, which was comparable with the spleen homogenates isolated from i.c.-infected TgElk mice, even without sodium phosphotungstic acid enrichment ([Fig. S2, *A--G*](http://www.jbc.org/cgi/content/full/RA118.004810/DC1)). In addition, PK-digested spleen homogenates from i.p.-infected TgElk mice showed PK-resistant PrP in immunoblot ([Fig. S2*H*](http://www.jbc.org/cgi/content/full/RA118.004810/DC1)). This denotes substantial amounts of infectivity in the spleen of the i.p.-infected TgElk mice.

![**Prion conversion activity and PrP^Sc^ in brain homogenates of i.p.-inoculated TgElk mice.** *A,* CWD-positive control for RT-QuIC in which the seed was 10% BH of i.c.-inoculated TgElk mouse (terminally ill) after NaPTA enrichment. *B,* brain homogenate of an uninfected TgElk mouse purified using NaPTA was used as a negative control. *C--G,* RT-QuIC assay of one representative brain homogenate from every group upon NaPTA enrichment CpG-only (*C*); Mmo-immunized (*D*); Dmo-immunized (*E*); Mdi-immunized (*F*), and Ddi-immunized (*G*) groups. Mouse rPrP was used as substrate for all reactions, four 10-fold dilutions of seed were analyzed (10^−1^ to 10^−4^), and each curve was plotted as average of four technical replicates against time. *H,* Western blot analysis using mAb 8H4 of brain homogenate samples (CpG and Mmo-vaccinated mice) treated with PK followed by NaPTA enrichment. The inoculum is brain homogenate from a terminally ill TgElk mouse which was i.c.-infected with elk CWD. Mock-infected TgElk brain homogenate was used as a negative control. *I* and *K,* immunohistochemistry for PrP^Sc^ using BAR224 antibody in representative brain sections from CpG control group (*I*) and Mmo-vaccinated group (*K*). The sections showed positive staining in different areas of the brain. High magnification (×20) areas are shown by *boxes* in whole hemisphere sagittal section inlet. *J* and *L,* brain sections were stained with hematoxylin and eosin to detect spongiform pathological changes in sections from one representative CpG control (*J*) and one representative Mmo-vaccinated brain (*L*).](zbc0521898390003){#F3}

For further confirmation of complete attack rate in i.p.-infected TgElk mice, we performed immunohistochemistry (IHC) staining for PrP^Sc^ in brain sections from both vaccinated and unvaccinated mice (CpG-only). The IHC images of both Mmo-vaccinated and CpG-control mouse brain sections showed positive staining in the brain with PrP^Sc^ aggregates found mainly in prefrontal cortex, temporal lobes, and occipital lobe ([Fig. 3](#F3){ref-type="fig"}, *I* and *K*). H&E staining of the brain sections showed spongiform pathological changes that were comparable in both vaccinated and nonvaccinated mice ([Fig. 3](#F3){ref-type="fig"}, *J* and *L*). Given that all the mice were sacrificed at the terminal stage, we could not detect any characteristic differences in the distribution of PrP^Sc^ deposits in their brains.

Taken together, we demonstrate clear signs of prion infection in brains of i.p.-infected TgElk mice by RT-QuIC, immunoblot, and IHC analysis.

Vaccination of reindeer with multimeric immunogens induces auto-antibodies
--------------------------------------------------------------------------

The successful vaccination of TgElk mice with recombinant PrP immunogens prompted us to assess the immunogenicity of the dimeric recombinant PrPs in reindeer, as a relevant large-animal model. The *Prnp* genotypes of the reindeer used in this study are displayed in [Table 2](#T2){ref-type="table"}. Seven reindeer were vaccinated with either Mdi (*n* = 4) or Ddi (*n* = 3). They were immunized subcutaneously with 500 μg of protein/animal, and CpG was used as an adjuvant. Each reindeer received three doses with 4-week intervals, and blood samples were drawn before the priming dose and 3 weeks after the last booster dose ([Fig. 4](#F4){ref-type="fig"}*A*). PrP-specific antibody titers were determined in sera of the vaccinated reindeer using PrP-coated ELISA. All Mdi-immunized reindeer showed significant humoral immune response to the recombinant PrP ([Fig. 4](#F4){ref-type="fig"}*B*). However, only one of the three reindeer responded to the Ddi vaccination with detectable ELISA titers ([Table 2](#T2){ref-type="table"}). Interestingly, the responding animal was 225Y and 176D polymorphic, which may play a role in the response to the self-Ddi immunogen as it creates some differences between self-PrP and Ddi immunogen, which was not the case for the other two WT reindeer.

###### 

**Vaccinated reindeer genotypes and response to immunogens**

The following abbreviations are used: NR, nonresponder; Y, tyrosine; N, asparagine; D, aspartic acid. The antibody titers for individual deer were determined by end-point dilution. The cutoff was calculated as three times average OD (405 nm) of pre-immune sera.

  Deer ID   Genotype       Immunogen   Antibodies titer (serum fold dilution)
  --------- -------------- ----------- ----------------------------------------
  2S        WT             Mdi         1:5000
  15S       225Y           Mdi         1:100
  3X        225Y + 138 N   Mdi         1:1000
  2Y        225Y           Mdi         1:1000
  3WD       225Y + 176D    Ddi         1:100
  3YD       WT             Ddi         NR
  5XD       WT             Ddi         NR

![**Immunization of reindeer with dimeric recombinant PrP induces anti-PrP antibodies.** *A,* seven reindeer were vaccinated three times with either Mdi (four animals) or Ddi (three animals) immunogens at 4-week intervals (one priming and two booster doses), and blood sampling was performed either before starting vaccination (preimmune) or 21 days after the second booster dose (post-immune). *B,* ELISA for post-immune sera of the Mdi-vaccinated reindeer (1:100 dilution shown), compared with the respective preimmune sera. The *y* axis represents the optical density (405 nm). *C,* both mouse and deer monomeric recombinant PrP were subjected to immunoblot analysis. As primary antibodies, the preimmune sera (reindeer ID: 15S) and post-immune sera of reindeer vaccinated with Mdi (reindeer ID: 15S) or Ddi (reindeer ID: 3WD) immunogens with comparable post-immune antibody titers, all in 1:500 dilution, were used.](zbc0521898390004){#F4}

End-point ELISA titers were higher in Mdi-vaccinated animals (up to 1/5000 as shown in [Table 2](#T2){ref-type="table"}) compared with Ddi-vaccinated reindeer that had low or nondetectable titers. This indicates that the nonself Mdi immunogen was more able under these vaccine conditions to induce a humoral immune response against PrP as tested in ELISA than the self-Ddi immunogen. Yet, Ddi post-immune sera showed better detection of Dmo recombinant PrP in immunoblots ([Fig. 4](#F4){ref-type="fig"}*C*).

We were not able to test the protective efficacy of immunization as challenging of reindeer with CWD was not feasible at our facilities. Of note, we did not observe any unwanted side effects in the vaccinated reindeer.

In summary, vaccination of reindeer with mouse dimeric recombinant PrP immunogen was able to overcome self-tolerance to PrP in this relevant large animal model.

Antibodies from Ddi-immunized reindeer diminish prion propagation in CWD-infected RK13 cells
--------------------------------------------------------------------------------------------

To test the efficiency of reindeer post-immune sera in inhibiting CWD propagation, we treated persistently CWD-infected RK13 cells (overexpressing cervid PrP) with post-immune antibodies from Ddi- or Mdi-vaccinated reindeer, using preimmune sera as control. Treatment of CWD-infected RK13 cells with the Ddi post-immune sera significantly reduced PrP^Sc^ as shown by quantitative immunoblot analysis, whereas Mdi sera were not effective ([Fig. 5](#F5){ref-type="fig"}, *A--D*). RT-QuIC assay confirmed these results as the seeding activity of the Ddi post-immune sera--treated cell lysates was strongly decreased compared with preimmune sera or Mdi sera--treated cells ([Fig. 5](#F5){ref-type="fig"}, *E* and *F*). This indicates that the self-antibodies formed against reindeer PrP by using Ddi immunogen are more efficient in binding to native and authentic PrP^C^ and suppressing CWD prion propagation than the cross-reactive antibodies induced by Mdi immunogen.

![**Post-immune sera of Ddi-immunized reindeer reduce PrP^Sc^ propagation in CWD-infected RK13 cells.** *A* and *B,* CWD-infected RK13 cells expressing cervid PrP^C^ (CWD RK13) were treated with post-immune sera with comparable titers from reindeer vaccinated with Mdi (reindeer ID: 15S) or Ddi (reindeer ID 3WD), while passaging the cells every 7 days for two passages. Treatment with preimmune sera (here denoted as zero time sera) from reindeer ID: 15S was used as control. Sera were used at a dilution of 1:100 in culture media. Cells from every passage were lysed and subjected to PK digestion (+*PK*) or not (−*PK*). The lysates were immunoblotted with mAb 8H4, and actin was used as loading control. *C* and *D,* densitometric analysis of immunoblots from treated CWD RK13 cells. Data are represented as percentage of control (preimmune sera) and normalized with amount of actin. \*, *p* \< 0.05 is considered significant. *E* and *F,* RT-QuIC assay was performed on passage 1 (*E*) and 2 (*F*) of CWD-RK13 cells treated with post-immune sera from reindeer vaccinated with Mdi or Ddi. Treatment with preimmune sera (zero) was done for comparison. Post-nuclear lysates were used as seeds and mouse recombinant PrP as substrate for RT-QuIC. The seeding activity at the 10^−4^ dilution was used for comparative analysis (shown here). The *y* axis shows relative ThT fluorescence units (*RFU)*; the *x* axis represents time in hours.](zbc0521898390005){#F5}

In summary, these data show that self-antibodies induced in vaccinated reindeer have the potential to interfere in cellular CWD prion propagation.

Discussion
==========

Chronic wasting disease is a highly contagious and fatal neurodegenerative disease of cervids, which is found in North America and Korea and, more recently, in Europe. CWD affects farmed and free-ranging animals, and environmental components play a major role in disease transmission. This makes CWD very hard to control, and the disease is spreading geographically and in numbers in many parts of Northern America. It was shown that a high incidence of CWD negatively affects the population survival ([@B37], [@B38]). Although the zoonotic potential of CWD is currently considered low, data in nonhuman primates are conflicting for macaque transmissions ([@B20], [@B39], [@B40]), and infection by the oral route was clearly shown for new-world monkeys. A further alarming factor is that CWD prions are coming in different shapes and can undergo mutation--selection-like processes ([@B41][@B42][@B43]). No effective therapies or vaccines are currently available to control CWD. The causative agent is the pathological and misfolded form of the endogenous host cellular prion protein (PrP^Sc^), which does not elicit any detectable adaptive immune response due to having the same primary sequence as PrP^C^. This makes developing an effective vaccine against CWD very challenging, and most approaches aim for overcoming the self-tolerance to PrP. However, such an approach involves the risk of inducing unwanted side effects, and therefore, careful control of auto-immunity side effects have to be in place ([@B44]).

Only a few studies reported on the protective effect of a vaccination approach against CWD infection ([@B30][@B31][@B32]). Most of them were unsuccessful in achieving protection except one study by Goni *et al.* ([@B31]), which reported 25% protection in a white-tailed deer infection model, in the form of prolongation of incubation time to disease. This study therefore provides a proof-of-concept for efficacy of a vaccination approach for containing CWD ([@B31]). This highlights the importance of our current study that describes a promising vaccination approach aimed at containing a fatal and so far uncontrollable disease. In our previous work ([@B21], [@B23], [@B28], [@B29]), we provided a proof-of-concept in WT and transgenic mouse models for the efficacy of mouse and deer recombinant PrPs, in both monomeric and dimeric forms, to break self-tolerance and to induce self-antibodies against cellular PrP. Of note, post-immune sera were effective in inhibiting prion propagation in persistently prion-infected cell culture models, including CWD-infected RK13 cells ([@B21], [@B29]).

In this study, we extended our vaccination approach to transgenic mice expressing elk PrP (TgElk mice), which we challenged with elk CWD using the intraperitoneal route. All four immunogens induced again a substantial humoral immune response when testing for anti-PrP antibodies in ELISA. Mouse monomeric and dimeric recombinant PrPs showed the highest titers in ELISA, which can be explained by the nonself (mouse) nature of these immunogens. Despite the high sequence homology between mouse and deer PrP, there are more than 20 different amino acids between them that may help provoke an adaptive immune response. The salient finding of our study is prolongation of survival in all groups of vaccinated TgElk mice after intraperitoneal CWD challenge, compared with CpG adjuvant-only control mice. Although our previous studies with mouse PrP in WT mice identified only a fraction of mice with prolongation of survival time ([@B23]), effects in this study pointed toward a group effect, although with some variability. The group vaccinated with Mmo immunogen displayed around 60% prolongation in mean survival, which was the highest among all vaccinated groups. In line with this, sera of Mmo-vaccinated mice demonstrated the best detection of total elk PrP in immunoblots (data not shown). However, mice vaccinated with Mdi immunogen had only a 15.9% prolongation of mean survival time, although these sera were very reactive in ELISA and immunoblot. Obviously and in line with our previous results ([@B21], [@B28], [@B29]), there is no clear correlation with reactivity in ELISA and immunoblot and in protective behavior in prion-infected cell culture assays and mouse models. The groups immunized with Dmo and Ddi immunogens demonstrated extended mean survival times of 28.4% and 24.1% respectively. Interestingly, Ddi sera showed the weakest reactivity in ELISA. Somewhat unexpectedly, there was no difference among groups in terms of reactivity in the linear epitope mapping (data not shown).

One important beneficial aspect of CWD vaccination should be mitigation of peripheral shedding from infected animals. This aligns well with our experimental strategy, which wants to block prion propagation at peripheral sites of the body, outside the brain. We have started to monitor prion shedding in CWD-infected TgElk mice using RT-QuIC analysis from urine samples. Detection of prion infectivity in such excreta of infected TgElk mice has been challenging so far due to the limited sample size and the fact that such transgenic mice do not well recapitulate prion pathogenesis and prion shedding as is characteristic for cervids. TgElk mice are homozygous for the elk PrP transgene, and they can propagate CWD prions from deer and elk origins. Moreover, compared with other transgenic cervidized mouse models, TgElk mice are characterized by a very short incubation time (95--120 days) upon CWD infection ([@B33], [@B34]). However, in previous studies using the TgElk mouse model infection was always done using the intracerebral route. Because our antibody approach targets PrP^C^ as substrate of prion propagation outside the central nervous system, we had to use the intraperitoneal infection route to test the efficiency of our vaccination approach. In addition, intraperitoneal infection resembles the natural routes of infection, which usually occur through the alimentary tract. In our previous study, we had i.p.-infected Tg(cerPrP)1536^+/+^ mice with cervid prions, which resulted in an incomplete attack rate (data not shown), which makes our data inconclusive. To the best of our knowledge, this study is the first that characterizes i.p. infection in TgElk mice. All inoculated mice demonstrated complete attack rate as shown by typical clinical signs, ranging from weight loss, kyphosis, very slow movement, rough coat, to ataxia. These symptoms were in accordance with signs reported by Jeon *et al.* ([@B34]). in this mouse line. The average incubation time for the control nonvaccinated group was 114 days, which is longer than the i.c. infection (90--95 days) reported in previous studies ([@B33], [@B34]). This is expected, as i.p. infection is usually longer in incubation time than i.c. inoculation. Of note, due to the vaccination schedule, our mice were 14--15 weeks older than i.c.-injected mice, which are usually between 4 and 6 weeks old when infected with prions. This might explain the broad range in incubation time.

To verify complete attack rate, we investigated the brains of all i.p.-infected mice for signs of CWD infection using three different readouts. RT-QuIC is a versatile technique for diagnosis of prion diseases, including CWD ([@B45]). Although crude brain homogenates from all i.p.-inoculated mice were positive in RT-QuIC, their signals were usually weaker than the ones of i.c.-infected brain homogenates of the same mouse line. After NaPTA enrichment of PrP^Sc^, all brain homogenates from i.p.-infected mice showed strong signals comparable with that of i.c.-infected mice in both RT-QuIC and immunoblotting. In contrast, seeding activity in RT-QuIC of spleen homogenates of i.p.-infected mice was as high as found in i.c.-infected spleen homogenates. Histologically, PrP^Sc^ deposition and vacuolation were detected with a pattern reminiscent of the pathological changes reported by LaFauci and colleagues in i.c.-inoculated TgElk mice. Whether there is a difference in the propagation of CWD in central *versus* peripheral infection requires further analysis.

In our pilot study in reindeer, all Mdi-vaccinated reindeer showed appreciable antibody titers in ELISA. Yet, the response to Ddi as immunogen was only 33% (1 of 3) in ELISA. The responding animal had two *Prnp* polymorphisms (225Y and 176D) that could explain the humoral immune response. However, better response to Ddi immunogen may be achievable by optimizing dose and timing of vaccination. So far, we used only one dose (500 μg/animal), and the schedule was not intense. Moreover, it is normal to find variation in vaccine responsiveness in a given population, including some nonresponders. Of note, we will do a recall experiment for the vaccinated reindeer with two more boosts after 1 year, to find out whether we are looking at nonresponse or a low response. Despite the comparatively low titer in ELISA, Ddi but not Mdi post-immune sera from reindeer were effective in neutralizing prion propagation in persistently CWD-infected RK13 cells. This indicates that superior binding to authentic and native cervid PrP^C^ is achieved by self-antibodies in Ddi post-immune sera ([Fig. 4](#F4){ref-type="fig"}*C*). In line with this, Mdi post-immune sera efficiently bound to mouse PrP but less efficiently to deer PrP when used as primary antibody in immunoblots. This comes in accordance with our previous data in which post-immune sera from Dmo-vaccinated tg(cerPrP)1536^+/+^ mice significantly reduced PrP^Sc^ propagation in CWD-infected RK13 cells. Our cell culture results indicate an improved efficiency of self-antibodies over cross-reactive antibodies in binding to native and authentic PrP^C^, which provides protection against conversion into PrP^Sc^. However, in this study, we were not able to use Mmo and Dmo as immunogens due to the limited number of available reindeer for our study. We are aware of the fact that parenteral routes can be used for farmed animals and that the oral route is more realistic for vaccination of wild animals. Thus, we started encapsulating our immunogens in polylactic--co-glycolic acid microspheres that can be used orally ([@B46]). As an alternative approach, we also have initiated attempts to express PrP in plant-based systems.

In conclusion, our study provides very promising vaccine candidates against CWD, which were able to prolong the incubation time to disease by 60% in a transgenic mouse model. In addition, our pilot study in reindeer provided evidence for feasibility and efficacy of our vaccine approach in cervids. However, further studies are required to investigate the protective effect of the vaccine in cervids that are the natural hosts of chronic wasting disease.

Experimental procedures
=======================

Ethics statement
----------------

The animal use in the experiments strictly followed the guidelines of the Canadian Council for Animal Care. The animal protocol was approved by the institutional Health Sciences Animal Care Committee. For vaccination of mice, the protocol was under number AC14-0122, and for reindeer it was AC17-0088.

Reagents and antibodies
-----------------------

PK and Pefabloc (PK inhibitor) were commercially obtained from (Roche Applied Science, Germany). Primary antibodies used were as follows: anti-PrP mAb 4H11 ([@B47]) anti-PrP mAb 8H4 (Sigma), anti-PrP mAb BAR224 (Cayman Chemical), and anti-β-actin (Sigma). As secondary peroxidase-conjugated antibodies, goat anti-mouse HRP (Jackson ImmunoResearch) and rabbit anti-deer HRP (Kirkegaard & Perry Laboratories) were used.

Mice
----

The transgenic mouse line used in this study (TgElk mice) was kindly provided by Dr. Debbie McKenzie, Centre for Prions and Protein Folding Diseases, University of Alberta, Edmonton, Canada. The development of transgenic mice, genotyping, maintenance of homozygous line for the Rocky Mountain elk (*Cervus elaphus nelsoni*) PrP and their susceptibility to CWD prions have been described previously ([@B33]). In our facility, the transgenic line was maintained on a homozygous background, and only female mice were used in this study.

Immunogen preparation
---------------------

The preparation of immunogens is described elsewhere ([@B29]). Briefly, pQE30 (Qiagen) expression vector was used to express the monomeric and dimeric constructs in *Escherichia coli* strain BL21-Gold(DE3) pLysS (Stratagene) as described previously ([@B21], [@B28]). Nickel-nitrilotriacetic acid Superflow resin beads (Qiagen) were used to separate His-tagged immunogens from the bacterial lysate. After elution and refolding of protein by dialysis, the concentration of protein was determined using the BCA kit (Pierce, ThermoFisher Scientific, Rockford, IL).

Mouse vaccination and prion challenge studies
---------------------------------------------

The female TgElk mice used in the study were immunized via subcutaneous route by injecting 100 μg of protein/mouse, starting with 4--6-week-old mice. After this first priming dose, each mouse was subjected to four booster doses of 50 μg, each within 3-week intervals. The oligodeoxynucleotide CpG (5 μ[m]{.smallcaps}) (InvivoGen, San Diego) was used as an adjuvant for all immunogens, and the control group received only CpG. The bleeding schedule for all mice was maintained twice, before immunization (zero sera), and 10 days after the last boost (post-immune sera). Five days after the post-immune bleeding, all mice were inoculated with mouse-adapted Elk CWD prions by injecting 100 μl of 1% BH i.p. The inoculum was obtained from terminal prion-sick TgElk mice inoculated with elk CWD intracerebrally. For the preparation of BH, mouse brains were homogenized in PBS at a final concentration of 10% (w/v) and stored at −80 °C. Two booster doses were given to each mouse after prion inoculation at 6-week intervals. The mice were monitored daily after start of first disease signs. Two researchers were involved in monitoring animals, recording and scoring clinical signs, and making decision for euthanasia of animals. The weight of animals was also recorded every day. Brain and spleen samples were collected from terminally sick mice; 10% homogenate was prepared using PBS and kept at −80 °C until use. Half of the brain from each animal was kept in formalin for histology examination.

Reindeer immunization study
---------------------------

Seven reindeer (*Rangifer tarandus*) accommodated in the Veterinary Sciences Research Station at the University of Calgary Spy Hill Campus were vaccinated three times with either Mdi (four animals) or Ddi (three animals) immunogens with 4-week intervals (one priming and two booster doses). The animals were immunized with 500 μg of Mdi or Ddi with 5 μ[m]{.smallcaps} CpG added as adjuvant via subcutaneous route with animals being restrained in chutes. Animals and injection sites were monitored for any adverse effects of immunization. Blood sampling was performed either before starting vaccination (preimmune) or 21 days after the second booster dose (post-immune).

ELISA
-----

ELISA was done following the procedure described previously ([@B29]). Briefly, 1 μg of recombinant protein in sodium-carbonate buffer (pH 9.5) was used to coat the wells of high-binding 96-well plates (Greiner Bio-One GmbH-Frickenhausen-Germany) for overnight. Blocking was done using 3% bovine serum albumin (BSA) in PBST for 2 h at 37 °C after washing with PBST. A serial dilution of sera in 3% BSA was prepared, and plates were incubated with sera for 1 h. Following the washing step, either HRP-labeled anti-mouse IgG antibody (Jackson ImmunoResearch, West Grove, PA) or rabbit anti-deer HRP (Kirkegaard & Perry Laboratories) was added as secondary antibody. 2,2′-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) peroxidase (Kirkegaard & Perry Laboratories) was used as substrate for signal detection, and OD was measured at 405 nm using a BioTek Synergy HT reader.

Cell culture experiments and PK digestion
-----------------------------------------

Cervid PrP-expressing RK13 cells (cerRK13) were kindly obtained from Dr. Glenn Telling\'s lab (Colorado State University, Fort Collins). Dulbecco\'s modified Eagle\'s media (Gibco) with 10% fetal bovine serum, 1% penicillin/streptomycin, 1 μg/ml puromycin, and 200 μg/ml G148 was used for maintenance of cerRK13 cells. To boost infection, cells were infected again with 10% brain homogenate from white-tailed deer CWD-infected terminally sick Tg (cerPrP) 1536 ^+/+^ mice, and this persistently infected CWD-cell culture model was used for cell experiments. Cells were cultured in medium with a 1:100 dilution of sera from Mdi- or Ddi-vaccinated reindeer, and preimmune sera were used as control. After 5 days, cells were lysed in cold lysis buffer (10 m[m]{.smallcaps} Tris-HCl, pH 7.5; 100 m[m]{.smallcaps} NaCl; 10 m[m]{.smallcaps} EDTA; 0.5% Triton X-100; 0.5% sodium deoxycholate), and lysates were digested with 20 μg/ml PK at 37 °C for 30 min. PK digestion was blocked using 0.5 m[m]{.smallcaps} Pefabloc, and samples were subjected to methanol precipitation. Precipitated proteins were dissolved in TNE buffer (50 m[m]{.smallcaps} Tris-HCl, pH 7.5; 150 m[m]{.smallcaps} NaCl; 5 m[m]{.smallcaps} EDTA).

NaPTA precipitation
-------------------

BH or spleen homogenate (SH) was prepared in PBS using a gentle MACs Dissociator (Miltenyi Biotech) in a 10% w/v dilution. For immunoblotting and RT-QuIC, 250 and 50 μl, respectively, of BH or SH was mixed with Sarkosyl to make the final concentration to 2% and incubated by shaking at 37 °C for 30 min. For immunoblotting, BH was digested with 40 μg/ml PK at 37 °C for 30 min before adding Sarkosyl; for SH, 50 μg/ml PK was used for 1 h. Then, 0.5 m[m]{.smallcaps} Pefabloc was added to stop PK digestion. After incubation in Sarkosyl, 1/12.5 volume of NaPTA stock solution (20 m[m]{.smallcaps} phosphotungstic acid; 400 m[m]{.smallcaps} MgCl~2~; 200 m[m]{.smallcaps} NaOH; pH 7.4) was added and incubated at 37 °C for 2 h by shaking. Following centrifugation at 21,000 × *g* for 30 min at 8 °C, the pellet was washed with cell lysis buffer (10 m[m]{.smallcaps} Tris-HCl, pH 7.5; 100 m[m]{.smallcaps} NaCl; 10 m[m]{.smallcaps} EDTA; 0.5% Triton X-100; 0.5% sodium deoxycholate) containing 1% Sarkosyl. The solution was again centrifuged for 15 min, and the pellet was either dissolved in RT-QuIC seed dilution buffer for RT-QuIC or in sample buffer for immunoblotting.

Immunoblotting
--------------

Immunoblot analysis was performed as mentioned in our previous studies ([@B29]). Briefly, protein precipitated from cell lysate, BH, or SH after NaPTA precipitation was separated on 12.5% SDS-PAGE. The electroblotting was done on Amersham Biosciences Hybond P 0.45 polyvinylidene difluoride membranes (Amersham Biosciences) and analyzed using Luminata Western Chemiluminescent HRP substrates (Millipore). ImageJ software was used to perform densitometric analysis.

RT-QuIC
-------

RT-QuIC was performed as described previously, including the procedure for preparation of recombinant prion protein using a bacterial expression system ([@B15], [@B29]). Briefly, master mix was prepared with 20 m[m]{.smallcaps} sodium phosphate, pH 7.4, 300 m[m]{.smallcaps} NaCl, 1 m[m]{.smallcaps} EDTA, 10 μ[m]{.smallcaps} thioflavin T, and 0.1 mg/ml mouse rPrP substrate, from which 98 μl was taken in each well of a black-walled 96-well optical bottom plate (Nalge Nunc International, Nunc). Either BH after NaPTA precipitation, SH without NaPTA precipitation, or cell lysates were used at 10-fold serial dilutions in seed dilution buffers. Reactions included 2 μl of seed in each dilution and were set up in quadruplicate. After sealing with Nunc Amplification Tape (Nalge Nunc International), plates were incubated in a FLUOstar Omega (BMG Labtech, Cary, NC) plate reader for 30 h at 42 °C at 1-min shaking (700 revolutions per min) and 1-min rest cycle. Finally, fluorescence measurements (450 nm excitation and 480 nm emission) obtained every 15 min were averaged from four replicate wells and plotted against reaction time. A positive and a negative control were run on each plate. A reaction cutoff was calculated as average fluorescence of the negative controls plus five times the S.D. of the negatives. Reactions were considered positive when ≥2 replicates of four were reactive (\>cut-off).

IHC
---

The immunohistochemical analysis of brain sections was kindly performed by the Histology Core Facility at the Centre for Prions and Protein Folding Diseases, University of Alberta, following the procedure as described previously ([@B48]). Briefly, formalin-fixed and paraffin-embedded brain tissues were sectioned (4.5--6 μm thick) to get sagittal sections on colorfrost plus slide (ThermoFisher Scientific) and left overnight at 37 °C. The slides were used for immunostaining and H&E staining to investigate the deposition of PrP^Sc^ (CWD) and spongiform changes, respectively. Anti-PrP mAb BAR224 (Cayman Chemical) was used for PrP^Sc^ staining at a dilution of 1:2000. Brain slides were deparaffinized and hydrated using xylene and ethanol dip cycles (100--70% ethanol) and then heated at autoclaving temperature (121 °C) and pressure in 10 m[m]{.smallcaps} citric acid buffer (6.0) for 30 min. The slides were cooled at room temperature and incubated in 98% formic acid for 30 min followed by treatment with 4 [m]{.smallcaps} guanidine thiocyanate for 2 h at room temperature. 3% hydrogen peroxide was used to remove endogenous peroxidase activity in the tissue. Biotinylation of antibody was done using a kit (DAKO ARK^TM^, ARK animal research kit) following the manufacturer\'s protocol, and slides were incubated in antibody for overnight at 4 °C in a humidifying chamber. Immunostaining detection was done using a streptavidin-peroxidase system (Invitrogen) and 3,3′-diaminobenzidine (Pharmingen) for enzymatic activity detection. Tissue sections were incubated in Mayers hematoxylin (ThermoFisher Scientific) for counterstaining and scanned using a NanoZoomer 2.0RS scanner (Hamamatsu Photonics, Japan). NanoZoomer digital pathology software (Hamamatsu Photonics, Japan) was used for image processing.

Statistical analysis
--------------------

Statistical analysis was done using GraphPad Prism (Graph Pad software Inc., version 7.03.) using nonparametric Kruskal-Wallis test for multiple comparisons among groups. Statistical significance for the immunoblots was expressed as (mean ± S.E.). The percent survival was plotted in Kaplan-Meier plot, and log-rank (Mantel-Cox) test was performed for statistically significant difference between groups. \*, *p* ≤ 0.05; \*\*, *p* ≤ 0.01 considered significant.
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